The aim of this study was to develop a methodology to investigate the biofermentation process in small-volume fermenters. Dark serum bottles with a volume of 100-120 mL, tightly sealed with a rubber septum, were used as bioreactors. The optimum measurement conditions in this type of bioreactor comprise: (i) filling two-thirds of the maximum volume with a suspension; (ii) a 2% bioreactor loading (on a dry basis) and; (iii) the daily equalization of pressure by removing the biogas through the septum pierced with a syringe needle and the intensive mixing of the remaining suspension. The methane yield (quantity and dynamics) obtained in this type of bioreactor is analogous to that of industrial bioreactors or large-scale laboratory bioreactors. The use of small-volume bioreactors that can be incubated will facilitate the preliminary selection of analysed systems and provide an indication of those that should be investigated in large-scale bioreactors.
Introduction
Renewable energy is derived from a constantly increasing range of raw materials [1] [2] [3] that can be of plant [4] [5] [6] or animal [7, 8] origin. The technologies developed in this field have already been widely applied in industry [9] [10] [11] . The practical application of biogas production installations does not exclude on-going development and improvement, which is evidenced by the latest reports [6, 12, 13] . Irrespective of the direction of research related to the development of biogas production technologies, three areas of research activity can be distinguished: (i) laboratory-scale experiments [1, 8, 14] , (ii) semi-industrial scale experiments [15] and (iii) pilot experiments in industrial installations [16] [17] [18] . Since scientific research is inherently associated with a large number of experiments (multifarious aspects investigated in many repetitions), the technical possibilities of conducting such investigations in large-scale installations pose a problem. The larger the bioreactor, the more similar the research conditions are to industrial-scale bioreactors and the more difficult it is to perform multiple repetitions. Given the necessity to take measurements for many systems in several week-long experiments, the use of large-scale bioreactors is virtually impossible.
It is, therefore, not surprising that researchers use different types and sizes of laboratory bioreactors with a substantially lower volume than that of industrial installations. The data presented in Table 1 confirms that laboratory scale is still important for investigations. Taking into account the volumes of the bioreactors, we divided them into three groups: large volume (>2.5 dm 3 ), medium volume (≤2.5 dm 3 and >250 mL), and small volume (≤250 mL). However, the volume of the bioreactor is not the only differentiating factor. The construction is usually volume-dependent. The large volume bioreactors (Table 1) are generally miniatures of the full-scale bioreactors. This means that they usually have a similar [32] small volume 150 cm3 serum bottles [33] 119 cm 3 glass bottles [34] 100 cm3 serum bottles [35] 100 cm 3 glass syringe [36] 60 cm 3 vials
[37] 60 cm 3 dark vials [38] The last group of bioreactors presented in Table 1 have a small volume. Serum bottles are used in the vast majority but even smaller vials are also applied. It is obvious that such small-volume vessels must be hermetically sealed and that it is not possible to automate the system. This means that with the assumed frequency, the methane produced has to be released to avoid high pressures in the bottle. The consequence of such a small volume is the necessity to use gas chromatography (GC) for gas quality measurements because the majority of other gas metres require large volumes of the gases. Thus, if small volume bioreactors have such disadvantages the question becomes-why are they used in research in so many laboratories? The answer is quite simple; they allow researchers to carry out mass screening investigations that are quick and cheap. The results obtained in such experiments can demonstrate the most effective method for larger-scale investigations.
As follows from the presented literature review, research on anaerobic digestion in small volumes exists. However, there is no literature that presents a methodology of conducting this type of research.
The purpose of this work is to find an optimal methodology for the production of biogas in small-volume bioreactors.
Hence, the importance of research on the methodology of biogas production in small volumes. An example here may be seen in the latest literature, which addresses the subject of research in the laboratory scale of anaerobic digestion [39] [40] [41] [42] [43] . 
Material and Methods
The substrate used for fermentation was chopped maize silage with 32.22% dry matter content. An agricultural biogas plant, using mainly maize silage and beet pulp, provided the bioreactor inoculum. The substrate and the inoculum were mixed at a weight ratio of 1:1 (total solids). The bioreactors prepared in this way were placed in an incubator in the dark at a temperature of 37 • C ± 1 • C. One hundred and twenty millilitre dark serum bottles that were tightly sealed with a rubber septum were used as bioreactors. The bottles were filled to a volume of 75 mL with the substrate and inoculum mixture.
The First Series of Measurements
The aim of the first series of measurements was to select the optimal loading of the bottle bioreactors. The bioreactor loading was differentiated using a mixture with a concentration corresponding to 2%, 7% and 13% (on a dry basis). This choice of loading was consistent with the information presented in the paper by Hilkiah Igoni et al. [44] , who cited data provided by the Oregon State Department of Energy. According to these data, three ranges of loading, i.e., up to 2%, 2-10% and 11-13%, can be applied depending on the type of sludge and bioreactors. The extreme values were chosen for the investigations. A 7% loading value was selected from the 2-10% range.
In order to ensure the greatest similarity between the process occurring in the bottles and process carried out in industrial bioreactors, the produced biogas was removed daily (this procedure was carried out using the needle from a syringe) from the first series of bottles and its volume was measured. The measurements of the concentration of each component of the biogas (methane, carbon dioxide, oxygen and nitrogen) were performed on selected days of the week for three weeks using GC. In the results and discussion sections, this part of the experiment will be referred to as series one. The experiment in this series was carried out in five replications (replications should be understood as parallel measurements in separate bottles).
The Second Series of Measurements
The aim of the second series of measurements was to compare the methanogenesis yield under the conditions of the daily reduction of pressure (daily gas removal as in series one) and under pressure (no pressure reduction from the incubated bottles). The bottles were filled with silage and inoculum (at the same weight ratio as in series one) at 2% loading, selected on the basis of the results obtained in series one. In the variant with the daily reduction of pressure, measurements were carried out in three bottles throughout the experiment. After incubation, the bottles were opened and the pH was measured.
Only one measurement was taken in the variant without pressure reduction, i.e., on a chosen day of incubation (the same day as the measurements in the reduced-pressure bottles) the gas was removed from each bottle and its volume and composition were determined. Next, the bottle was opened and, after measuring the pH, the biomass was disposed of. This procedure necessitated the preparation of a greater number of bottles.
In series two, the experiment was conducted for three weeks in three replications (three parallel bottles per incubation day).
The Third Series of Measurements
The results obtained in the other series indicated that the biogas yield in the replications varied largely and the reaction of the suspension after the measurements sometimes exhibited excessive acidification (from the point of view of methane fermentation efficiency). Therefore, the aim of the third series of measurements was to check whether it was possible to adjust the pH at the beginning of the process in order to optimize methanogenesis in the bottles.
From the bioreactor load (2%) indicated by the results obtained in series one, a third series of measurements were performed (with the daily removal of the produced biogas) at different values of the initial pH of the suspension placed in the bottles. In the first variant, the suspension was Energies 2018, 11, 1378 4 of 10 incubated without any addition (the pH of the input mixture was 7.88). In the second variant, 1 g NaHCO 3 (per gram of dry weight) was added to the input suspension. The determination of the biogas composition was carried out on specified days of the week and the incubation lasted for two and a half weeks. Following incubation, the bottles were opened and the pH was measured. The measurements of series three were performed in five replications. In each series, the content of the bottles was intensively stirred after each measurement of the volume of the produced biogas.
The composition of the biogas was determined chromatographically using a Schimadzu-14A gas detector equipped with a thermal conductivity detector (TCD) detector. A detector equipped with a 2 m column and a diameter of 3.2 mm and filled with Porapak Q was used for the determination of the methane content. Helium was used as a carrier gas in the chromatograph. The carrier gas-flow through the column was set at 40 mL·min −1 . The temperatures of the column and the detector were 40 • C and 60 • C, respectively.
Results and Discussion

Choice of the Optimal Bioreactor Loading
In the first stage, the optimal loading had to be chosen for this type of bioreactor. The results obtained in the measurements from series one were used for this purpose. The total volume of the biogas obtained for each loading value during the three week incubation is presented in Figure 1 . The content of methane in the biogas for all the bioreactor-loading values on the successive incubation days is presented in Figure 2 .
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Results and Discussion
Choice of the Optimal Bioreactor Loading
In the first stage, the optimal loading had to be chosen for this type of bioreactor. The results obtained in the measurements from series one were used for this purpose. The total volume of the biogas obtained for each loading value during the three week incubation is presented in Figure 1 . The content of methane in the biogas for all the bioreactor-loading values on the successive incubation days is presented in Figure 2 . As might be expected, the highest biogas yield was found in the highest bioreactor loading, i.e., 13% (Figure 1 ). However, it is worth noting that the difference in biogas yields between 7% and 13% was significantly lower than that between 2% and 7% (244 mL and 937 mL, respectively). This may indicate that the biogas production process at 13% loading was inhibited by pressure formed in the bottle and that the daily reduction thereof was insufficient. Another cause may lie in the fact that microorganisms are not capable of a quicker and efficient reduction of biomass and the production of biogas under excessive loading. This hypothesis is supported by the results presented in the paper by Betts et al. [45] . If the bioreactor is loaded with excessive amounts of biomass, slow growth of methanogenic bacteria can result in a rapid decline in pH throughout the process. This situation may be caused by intermediates produced in previous phases that have not been completely decomposed. Regardless of the actual cause of the decrease in dynamics of gas yields, 13% loading had to be excluded as it was too high. The primary reason for discarding 7% loading was the fact that, similar to 13% loading, the septa sealing the bottles were always bulging and, in some cases, the pressure was so high that the septum lost tightness and gas leaked out.
The total amount of biogas produced at 2% loading was lower than in the case of higher loads ( Figure 1 ). This seems to be obvious: the lower the substrate input; the lower the biogas yield. However, it is worth analysing the methane content in the produced biogas. Analysis of trends on the graph presented in Figure 2 indicates that, at 2% loading, methane concentration in the first biofermentation stage (up to day 11) was lower than at other loading values. However, the analysis did not show statistically significant differences. Moreover, in the second stage (from day 14) of the experiments, concentrations of CH 4 for the 2% loading were highest (there was still no statistical significance between the individual values of loaded biomass). The content of methane at the level of~60% volume was high and comparable with other investigations in both laboratory [46] and industrial [16, 17, 47] bioreactors. Therefore, since this provides indirect information about the quality of the biofermentation process, the content of methane in the biogas implied the similar efficiency of the process, irrespective of the loading selected for the experiment. Thus, 2% (per dry weight) was assumed to be the best loading in the case of septum-sealed bottle bioreactors and, therefore, only the results obtained at this loading will be presented and discussed below.
Biogas composition (i.e., primarily methane content) derived in the biofermentation process in bottles with 2% loading did not raise any objections; in contrast, there was a problem of high divergence of results obtained in the parallel replications (Figure 2 ). This may have been caused by the relatively high variability of the pH value of the suspension.
As indicated in Table 2 , in some cases the pH of the suspension dropped below 6.7, i.e., a value regarded as a threshold below which the biofermentation process is inhibited [48, 49] . Carbon dioxide, which accumulated in the bottle and dissolved in the solution, forming HCO 3 -ions, was found to be a direct cause of suspension acidification [50] . In such cases, methane content in the biogas decreased. Since the same substrate and inoculum mixture was used in all of the replications, the suspension acidification in some bottles can be explained by the heterogeneity of the input mixture, even though it had been vigorously stirred to achieve homogenization [51] .
Inhibition of the Biofermentation Process by Excessive Pressure of Biogas
Gas yields obtained during biofermentation in the bottles in which the gas was removed daily to equalize the pressure to the atmospheric value, and in the bottles without gas removal and increasing pressure, are presented in Figure 3 . In both cases, the biomass load was 2%. The content of methane in the biogas on successive days of the series two experiments is shown in Figure 4 . The points in the graph correspond to the points in Figure 3 . Table 2 presents the pH of the suspension measured in the bottles without gas removal. The measurements were carried out immediately after determination of the biogas yield and composition for the 2% loading. . Figure 4 . The content of methane in the biogas on successive days of incubation at 2% loading in bottles with daily gas removal and in bottles without gas removal. The structure of industrial bioreactors and large-scale laboratory bioreactors ensure the continuous collection of produced biogas. On one hand, this provides safety (elimination of the possibility of an explosion), on the other hand, it shifts the reaction equilibrium towards biogas production. According to Strömberg et al. [52] , gas pressure can be one of the most important influencing biogas production. The use of small-volume bottles, tightly sealed with septa, gave rise to the problem of excessive pressure. The standard solution adopted in the experiments involved aforementioned and discussed procedure of the daily removal of gas from the headspace by the septum with a syringe needle (with simultaneous measurements of the volume of the produced biogas). However, we decided to determine the dynamics of the process under excessive pressure. fact, the probability of eliminating the need for time-consuming pressure equalization was low. Nevertheless, an exploration of the rate of biofermentation inhibition appeared attractive, particularly given the fact that experiments that can provide an answer to this question are not . Figure 4 . The content of methane in the biogas on successive days of incubation at 2% loading in bottles with daily gas removal and in bottles without gas removal. The structure of industrial bioreactors and large-scale laboratory bioreactors ensure the continuous collection of produced biogas. On one hand, this provides safety (elimination of the possibility of an explosion), on the other hand, it shifts the reaction equilibrium towards biogas production. According to Strömberg et al. [52] , gas pressure can be one of the most important influencing biogas production. The use of small-volume bottles, tightly sealed with septa, gave rise to the problem of excessive pressure. The standard solution adopted in the experiments involved aforementioned and discussed procedure of the daily removal of gas from the headspace by the septum with a syringe needle (with simultaneous measurements of the volume of the produced biogas). However, we decided to determine the dynamics of the process under excessive pressure. fact, the probability of eliminating the need for time-consuming pressure equalization was low. Nevertheless, an exploration of the rate of biofermentation inhibition appeared attractive, particularly given the fact that experiments that can provide an answer to this question are not Figure 4 . The content of methane in the biogas on successive days of incubation at 2% loading in bottles with daily gas removal and in bottles without gas removal. The structure of industrial bioreactors and large-scale laboratory bioreactors ensure the continuous collection of produced biogas. On one hand, this provides safety (elimination of the possibility of an explosion), on the other hand, it shifts the reaction equilibrium towards biogas production. According to Strömberg et al. [52] , gas pressure can be one of the most important factors influencing biogas production. The use of small-volume bottles, tightly sealed with septa, gave rise to the problem of excessive pressure. The standard solution adopted in the experiments involved the aforementioned and discussed procedure of the daily removal of gas from the headspace by piercing the septum with a syringe needle (with simultaneous measurements of the volume of the produced biogas). However, we decided to determine the dynamics of the process under excessive pressure. In fact, the probability Energies 2018, 11, 1378 7 of 10 of eliminating the need for time-consuming pressure equalization was low. Nevertheless, an exploration of the rate of biofermentation inhibition appeared attractive, particularly given the fact that experiments that can provide an answer to this question are not feasible in industrial bioreactors and large-scale laboratory bioreactors for two reasons: the first reason is related to safety (explosion of such a bioreactor would pose a real threat to the environment); the other is economics (the cost of the bioreactor).
Since the pressure in the bottle at the higher bioreactor loadings (7% and 13%) caused bulging of the septum rubber (or unsealed it), even after daily biogas removal, this stage of the investigation was carried out only at 2% loading. Analysis of Figure 3 reveals that biogas production under excessive pressure at this loading was already inhibited from day four. It can be claimed that biogas yield remains virtually unchanged throughout the incubation period and reaches a level of several tens of per cent per gram of dry weight. When pressure is reduced daily, the amount of produced biogas increases throughout the incubation period. A similar relationship can be noted in Figure 4 . The amount of methane produced under excessive pressure hardly changed and remained at a level of several per cent. In turn, when pressure was reduced daily, methane production yield had already exceeded 50% by incubation day 11 and had reached almost 60% by the end of the experiment (day 21).
Stabilisation of the Biogas Production Process with Bicarbonate
The content of methane in variants with and without the addition of a sodium bicarbonate solution to the input mixture is presented in Figure 5 .
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The paper by Mittweg et al. [54] should be mentioned when comparing the results presented above with those reported by other researchers who have used bioreactors with similar volumes. The authors used 100 mL syringes as fermentation chambers. Their results indicate that the process carried out in such bioreactors can be used in laboratory investigations. The only drawback of this solution is the technical difficulty in reproducing the structure described in their paper. The solution proposed in this study seems to be considerably simpler.
Conclusions
Many parameters have to be taken into consideration during research on the methodological aspects of biogas production under laboratory conditions, factors that have undoubtedly influenced the final outcomes of this experiment. Although the highest yield of biogas was reported for the 13% load, in the final results this turned out to be too high for such fixed conditions of the digestion process. The optimal conditions for anaerobic digestion in small bioreactors are to fill two-thirds of the maximum volume with a suspension, using a 2% bioreactor loading (on a dry basis) and to ensure the daily equalization of pressure by the removal of biogas through the septum pierced with a syringe needle followed by intensive mixing of the remaining suspension. The addition of bicarbonate stabilized the results (with a substantially lower standard deviation for the variant with NaHCO 3 supplementation) and ensured higher methane yields.
